Aldehydes and ketones (AKs) in cigarette smoke are risk to humans and environment. Due to the complexity of itself and the interference of the smoke tar matrix, the aldehydes and ketones in particle phase (AKPs) of mainstream smoke (MSS) and sidestream smoke (SSS) have not been well investigated. In this study, the AKPs of MSS and SSS were derivatized into polar products by reaction with Girard T reagent. The derivatives were isolated rapidly by column chromatography and analysed by Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS). Fifteen species of aldehydes and ketones were detected by positive ion electrospray ionization (ESI) FT-ICR MS: O 1 -6 , N 1 O 1 -4 , N 2 O 1 -3 and N 3 O 2 -3 . The total number of AKPs obtained by ESI FT-ICR MS in MSS and SSS is about 1100 and 970, respectively. After hydrolysis, the original AKPs were obtained and 63 carbonyls were identified and quantified by gas chromatography -mass spectrometry (GCMS). The nitrogen-containing and high-oxygen AKPs were further characterized by Orbitrap mass spectrometry. Structures of compounds with high relative abundance in the mass spectrum were speculated (e.g. a series of degradants of cembrenediol) by comparison with the results of GCMS.
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Aldehydes and ketones (AKs) in cigarette smoke are risk to humans and environment. Due to the complexity of itself and the interference of the smoke tar matrix, the aldehydes and ketones in particle phase (AKPs) of mainstream smoke (MSS) and sidestream smoke (SSS) have not been well investigated. In this study, the AKPs of MSS and SSS were derivatized into polar products by reaction with Girard T reagent. The derivatives were isolated rapidly by column chromatography and analysed by Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS). Fifteen species of aldehydes and ketones were detected by positive ion electrospray ionization (ESI) FT-ICR MS: O 1 -6 , N 1 O 1 -4 , N 2 O 1 -3 and N 3 O 2 -3 . The total number of AKPs obtained by ESI FT-ICR MS in MSS and SSS is about 1100 and 970, respectively. After hydrolysis, the original AKPs were obtained and 63 carbonyls were identified and quantified by gas chromatography -mass spectrometry (GCMS). The nitrogen-containing and high-oxygen AKPs were further characterized by Orbitrap mass spectrometry. Structures of compounds with high relative abundance in the mass spectrum were speculated (e.g. a series of degradants of cembrenediol) by comparison with the results of GCMS.
Sample preparation
Before smoking, the cigarettes were conditioned at 228C and 60% humidity for 24 h. Cigarettes were smoked according to the ISO 4387 smoking procedure: 1 puff min 21 with a 2 s puff duration, and a 35 ml puff volume. The fishtail chimney device were used to collect the particle phase of SSS. Twenty cigarettes were divided into four groups on average. The particulate phase of MSS and SSS of each group was collected on fibre pads under a set of internationally agreed standard smoking conditions. The particle phase on four fibre pads was eluted by DCM/MeOH ¼ 3/1, combined and stored at 2208C.
Derivatization and separation of aldehydes and ketones
The original AKs are neutral compounds, so in the first step the high-polarity acidic and basic fractions were removed from the sample. The HCl modified silica gel [48] and KOH modified silica gel [49, 50] have been used to obtain basic and acidic compounds from fossil fuels. In this work, the HCl modified gel and KOH modified gel were combined in one chromatography column, to remove highpolarity acidic-basic fractions and obtain the neutral fraction in one step. This solid phase extraction (SPE) method can avoid emulsification during liquid-liquid extraction and greatly save operating time. In this step, the dichloromethane (DCM)/tetrahydrofuran (THF) ¼ 7/3 (v/v) mixture was used as the eluent to elute the neutral fraction. The polarity of DCM/THF ¼ 7/3 (v/v) is high enough to elute the aldehydes and ketones. In the second step, the neutral fraction mixed with Girard reagent and the AKs are converted into corresponding GirT derivatives. The resulting GirT derivatives are very easy to separate. This is because the polarity of the quaternary ammonium salt is much higher than the other components in the neutral fraction. The mixture was subjected to the chromatography and the DCM/methanol ¼ 20/1 (v/v) was used as the eluent. Because the polarity of DCM/ methanol ¼ 20/1 (v/v) is much higher than the DCM/THF ¼ 7/3 (v/v), the other neutral compounds were removed very cleanly. The GirT derivatives still retain on the silica gel and cannot be eluted due to its high polarity. Then a much higher polarity eluent, DCM/methanol ¼ 3/2 was used to elute the GirT derivatives. The huge difference in polarity between these two parts ensures only AKs are present in the AKs fraction. The detailed process is as follows and shown in figure 1 . One gram of anhydrous sodium sulphate, 2 g of KOH-modified silica gel, 1 g of anhydrous sodium sulphate, 4 g of HCl acid-modified silica gel and 1 g anhydrous sodium sulphate were sequentially packed into a 1 cm diameter column A. Ten grams of ordinary silica gel, 1 g of anhydrous sodium sulphate and 0.5 g of KOH-modified silica gel were sequentially packed into another 1 cm diameter column B. The obtained cigarette smoke particle phase (shown in table 1) was dissolved in 4 ml of a DCM/THF ¼ 7/3 (v/v) mixture, and the solution was subjected to the chromatography A using 25 ml of a DCM/THF ¼ 7/3 (v/v) mixture as the eluent to elute the neutral fraction. The polarity of the mixed solvent is high enough to elute the aldehydes and ketones in the neutral fraction. After removing the solvent below 108C by a rotary evaporator, the neutral fraction was obtained. The neutral fraction and 100 mg Girard reagent were dissolved in 2 ml DCM/methanol ¼ 1/1 (v/v) mixed solution, 0.15 ml of the catalyst acetic acid was added, and the reaction was carried out at 408C for 5 h. After removing of the solvent by a rotary evaporator, the sample was dissolved in a mixed solvent of DCM/THF ¼ 7/3 (v/v), and the solution was subjected to the chromatography B. Other compounds were eluted sequentially by DCM/THF ¼ 7/3 (v/v) and DCM/methanol ¼ 20/1 (v/v), and the pale yellow derivative remained on the silica gel. Highly polar derivatives can be eluted by DCM/ methanol ¼ 3/2 (v/v). Take a trace amount of derivatives for FT-ICR MS analysis, and the other derivatives were dissolved in 4 ml of DCM/H 2 O ¼ 1/1 (v/v) solvent, and 200 ml of hydrochloric acid (12 mol l 21 ) was added. After reacting for 10 h at room temperature, the original carbonyl compound which was hydrolysed back was extracted into the DCM layer. The aqueous phase was extracted twice by 4 ml DCM. Then the DCM layers were combined in a flask, the solvent was removed by a rotary evaporator below 108C. The sample was subjected to GCMS and Orbitrap MS analysis. Finally, 20.9 and 32.9 mg of aldehydes and ketones were obtained from MSS and SSS, respectively. Table 1 shows the elemental compositions of MSS, SSS and corresponding neutral fractions.
Instrument conditions
The elemental analysis was performed at EL cube CHN papid OXY cube (Elementar, Germany). Carbon and hydrogen content measurement was according to the ASTM D5291-2002 method; sulfur was according to the ASTM D5453-2004; oxygen was according to the ASTM D5622-1995 and nitrogen was according to the ASTM D5762-2002.
The GCMS analyses were carried out on an Agilent 7890-5975c GCMS equipped with a HP-5 MS column (60 m Â 0.25 mm Â 0.25 mm). The GC oven was held at 608C for 3 min, programmed to 1208C at a rate of 158C min 21 , programmed to 3108C at a rate of 58C min 21 and then held constant at 3108C
for 30 min. The injector and transfer line temperatures were held at 3008C. Helium was used as a carrier gas at a flow rate of 1 ml min
21
. The mass spectrometry (MS) was used as chromatographic AKs fractions were analysed through a Thermo Scientific Orbitrap Fusion mass spectrometer. The positive-ion ESI operating conditions were as follows: spray voltage, 3.6 kV; sheath gas (nitrogen) flow rate, 8.0 (arbitrary units); aux gas flow rate, 3.0 (arbitrary units); ion transfer tube temperature, 2808C. The resolution was up to 500 000 at m/z 200. The scanning mass range was 100-600 Da, and the spectrum was scanned for 1 min. Thermo Xcalibur Quan Browser software was used for the qualitative analysis.
Compounds tentative identification and quantification
Tentative identifications were based on matching the mass spectra of unknowns with those in the NIST02 (National Institute of Standards and Technology, Gaithersburg, MD, USA) mass spectral library. Quantitative data for tentatively identified compounds were obtained by the internal standard method using hexadecane as the internal standard, without considering calibration factor (i.e. F ¼ 1.00 for all compounds).
Results and discussion

Characterization of AKPs in the MSS and SSS through selective derivatization followed by þESI FT-ICR MS
The AKs reacted with the GirT to form a charged quaternary ammonium moiety with high conversion [28, 30, 37] . The quaternary ammonium moiety has strong response in positive ion mode ESI MS. The FT-ICR MS has higher resolution at high molecular weight ends compared to other MS, and it is more suitable for the analysis of GirT derivatives. Figure 4 . TIC of carbonyls by gas chromatography -mass spectrometry. Compound assignment was carried out through matching the mass spectra with the NIST library.
royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 181832 GirT derivatives of the mass spectrum respectively. Relative abundance is defined as the magnitude of each peak divided by the sum of the magnitudes of all identified peaks (excluding the isotopic peaks) in the MS spectrum. The data shown in figure 2 are the summed mass spectrometric intensities but do not quantitatively reflect the abundance of species in the sample. Figure 3 shows the iso-abundance plots of DBE as a function of carbon number for O 1 O 3 species. The O 1 -3 class species has a DBE value ranges (1213) and carbon number (6 -35) . Since the carbonyl group contributes to an unsaturation, DBE ¼ 1 series are saturated AKs. The AKs with DBE ¼ 2-14 may contain unsaturated bond, naphthenic and/or aromatic ring. O 2 species with DBE ¼ 1 are saturated AKs but contained a hydroxyl or an ether group. O 2 species with DBE . 1 may contained two carbonyl group or unsaturated bond. O 3 species almost did not contain DBE ¼ 1 series, suggesting that they contained at least two carbonyl groups.
The relative abundance percentages of O 1 -3 species with DBE values of 1-4 and greater than 4 for MSS and SSS were calculated, respectively. The results indicated that the SSS contain more unsaturated and condensed AKPs than MSS. This may be due to the low level of oxygen in the production of SSS facilitating the pyrolysis process. This is consistent with the H/C ratio shown in table 1.
Characterization of AKPs in the MSS and SSS by GCMS and þESI Orbitrap MS
The GirT derivatives (hydrazones) can be easily separated by column chromatography and then converted to the original AKs by hydrolysis in high yield [28, 29] . Figure 4 is the total ion chromatogram (TIC) of the AKPs. According to the matching of mass spectra with the NIST library, the compounds corresponding to 63 chromatographic peaks are tentatively identified. The posttreatment process may result in the loss of volatile components, so some of small carbonyl species cannot be observed in figure 4 . The molecular formulae are also shown in figure 4 . In addition, hundreds of peaks cannot be identified by retrieving the library.
In cigarette smoke tar, there are lots of structural analogues of the carbonyls with 5-or 6-membered ring, isoprenoids or steroid structure. Moreover, the structure of many AKs are related to isoprenoids. In the TIC of the AKPs in MSS and SSS, through matching the mass spectra with the NIST library, the highest peak and their adjacent peaks all correspond to cembrenediols (results shown in table 2). Cembrenediols are an important class of diterpenoids in tobacco. However, the cembrenediols do not have carbonyl group. They cannot react with Girard reagent or be separated into AKs fractions. Therefore, these compounds may be carbonyl compounds with similar structure to cembrenediols, which are produced from the cembrenediols in the combustion process. This will be discussed later in figure 7 .
The quantitative results are listed in table 2. Figure 4 and table 2 show that the AKPs in MSS and SSS are very close, but the content is different. In addition, the content of specific carbonyl is very different to each other. The content of high-carbon linear aldehydes (henicosanal to pentacosanal) in MSS is higher than that of SSS, but the content of some low-carbon aromatic-contained aldehydes (trans-cinnamaldehyde, alpha-methylcinnamaldehyde) in sidestream smoke is higher than that of mainstream smoke aldehydes and ketones mainstream smoke. This may be due to the fact that MSS and SSS are formed in different ways of combustion. The higher temperatures and higher amounts of oxygen lead to the breaking of the carbon chain to form more linear aldehydes during MSS production. The low level of oxygen in the production of SSS facilitates the pyrolysis process and forms more unsaturated and condensed AKPs. As shown in figure 4a ,b, a large amount of component cannot be resolved by the GC. To obtain a comprehensive result, the high resolution mass spectrometry is used to analyse the sample. Comparing with the FT-ICR MS, the Orbitrap MS has better ion transmission both in the lower and higher molecular weight region. It is considered that the FT-ICR MS has higher resolution at high molecular weight region. Since the molecular weight of original AKPs is much lower than the corresponding GirT derivatives, the Orbitrap MS was selected to analyse the original AKPs. Figure 5a shows the mass spectra by positive ion ESI Orbitrap MS. The average molecular weight of figure 5a moved forward (212 Da) compared to the figure 2a (348 Da), which is due to the molecular weight of the AKs being smaller than the corresponding hydrazine derivatives. Figure 5b also shows that the relative abundance of N x O y and high-oxygen numbered compounds is much higher than in figure 2b . This is because the ionized functional groups of GirT derivatives are all quaternary ammonium groups. After hydrolysing the hydrazine groups, the N x O y and high-oxygen numbered AKPs exhibit higher ionization efficiencies than others. This makes it possible to analyse the N x O y and high-oxygen numbered AKPs more clearly. 
Conclusion
In this work, the AKPs of MSS and SSS were successfully separated and analysed in detail. A total of 63 AKs were identified and quantified by GCMS. Due to the complex post-treatment of chemical derivatization, a portion of volatile or unstable AKs are inevitably lost, so the number of AKs that were characterized by GCMS is less than already reported [52] . Fifteen species of AKs were characterized by ESI FT-ICR MS and Orbitrap MS: O 1 -6 , N 1 O 1 -4 , N 2 O 1 -3 and N 3 O 2 -3 . Regardless of the isomer, the total number of aldehydes and ketones obtained by ESI FT-ICR MS in MSS and SSS is about 1100 and 970, respectively. This number is much higher than the reported [52] , which indicated a large amount of component cannot be resolved by the GCMS. Furthermore, The nitrogen-containing carbonyls are more condensed and unsaturated than O 1 -3 carbonyls. The AKPs in MSS are more oxygenated and less unsaturated than that in SSS. This is consistent with the previous study [4] . Future work should focus on the toxicity of the isolated carbonyls to humans and the environment.
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